Aims : The Thau lagoon shellfish are regularly impacted by microbial pollution of faecal origin, which cause European health standards to be exceeded and closure of the shellfish harvest. The aims of this study were to investigate the impact of weather and hydrological conditions on Escherichia coli (E. coli) accumulation factor (AF) between water and oysters and to evaluate the relevance of the use of this ratio for the purpose of sanitary risk assessment.
Introduction
With up to 13 000 tons of oysters (Crassostrea gigas) and 2500 tons of mussels (Mytilus galloprovincialis) marketed every year, the Thau lagoon is the main shellfish harvesting area in the Mediterranean. Filter-feeding bivalves, such as oysters, filter large volumes of water from their environment and are able to concentrate large numbers of particles, which include micro-organisms pathogenic to human consumers (Bernard 1989; Plusquellec et al. 1990 ). According to European sanitary rules, the Escherichia coli concentrations found in Thau shellfish correspond to a Class B area. As a result, shellfish must be depurated before they can be marketed. Because Thau lagoon shellfish regularly exceed current health standards, authorities periodically restrict the shellfish harvesting area and, in some cases, suspend production. Moreover, several enteric virus outbreaks due to Thau lagoon oysters occurred during winter gastroenteritis epidemics in the local population (Le Saux et al. 2009 ).
Many studies have shown the impact of rainfall on microbial water quality in coastal and estuarine areas. Contamination due to rainfall most often results from urban wastewater discharges or from nonpoint pollution sources in the watershed (Lipp et al. 2001; Chigbu et al. 2005; Jeng et al. 2005; Coulliette and Noble 2008; Papastergiou et al. 2009; Chu et al. 2011; Conn et al. 2012) . Microbial contamination can also occur in dry weather conditions, in which faecal material from seabirds resting on shellfish farming structures is the likely main (Levesque et al., 2000; Wither et al., 2005; Ogburn and White, 2009; Derolez et al., 50 European regulations recommend monitoring coliform bacteria (e.g., Escherichia coli) in 52 shellfish flesh to assess the extent to which shellfish growing areas are exposed to fecal 53 pollution (Anonymous, 2004; Anonymous, 2006) . USA or Australian regulations rely on the 54 enumeration of indicator bacteria in water (Ogburn and White, 2009) . The need to assess 55 more thoroughly the relationship between water quality measures and shellfish flesh quality 56 has been recently raised by international experts (Rees et al., 2010) . To address this issue, 57 several attempts have been made to model the ecophysiological accumulation of E. coli in 58 shellfish growing areas (Fiandrino et al., 2003; Martins et al., 2006) . However, most of the 59 authors have assumed constant accumulation factors to evaluate shellfish microbial 60 concentrations based on the microbial concentrations of the surrounding water (Pommepuy et 61 al. 2004; Riou et al. 2007; Bougeard et al., 2011) and on ratios between the concentrations of 62 microorganisms in shellfish and in water, obtained from experiments performed under 63 controlled conditions in laboratories (Cabelli and Heffernan, 1970; Lees et al., 1995; 64 Burkhardt and Calci, 2000) . 65 We sampled water and oysters (C. gigas) simultaneously for 18 months during periods of 66 dry weather and after rainfall events to evaluate accumulation factors between water and the 67 oysters in the Thau lagoon, to investigate the impact of weather and hydrological conditions 68 on this ratio and to evaluate whether the use of this ratio could be a relevant approach for 69 assessing sanitary risk associated with shellfish consumption. 70
71

Materials and methods
72
The Thau lagoon has an area of 75 km² and is located in the South of France. It has a 73 drainage area of 230 km² and it is connected to the Mediterranean Sea via two outlets (Fig. 1) . 74 In three shellfish farming zones, oysters and mussels are fixed to ropes between three and tenF o r P e e r R e v i e w 5 Lagoon salinity and temperature were monitored at the surface and the bottom of the water 100 column every 10 minutes by high-frequency sensors located at stations 2 and 5 during the 101 entire sampling period (Fig. 1) . During rainfall periods R3 and R4, sensors were located at an 102 additional site (station 4 and station 1, respectively). 103
Point-in-time measurements of salinity and temperature were obtained systematically from 104 WTW LF197S sensors when water and oysters were collected (surface and bottom sampling). 105
Before and after rainfall events, 27 water samples were analyzed for concentrations of 106 suspended matter following a standardized method EN/872 (CEN, 2005) . 107
108
Microbial analyses 109
E. coli concentrations in water samples were analyzed using the ISO 9308-3 standard 110 method, i.e. the most probable number (MPN), scaled down for inoculation into liquid culture 111 medium (ISO, 1998) . Samples of oysters were analyzed using the NF V08-106 standard 112 method (Afnor, 2002) . This is an indirect method of estimating E. coli in live bivalves using a 113 biosensor to measure impedance (Dupont et al., 2004) . For each sample, about six oysters 114 were washed, scrubbed under clean running water and opened with a sterile shucking knife. 115
Approximately 100 g of flesh and intravalvular liquid (FIL) were diluted 1:3 with tryptone 116 salt water (SW) and were homogenized in a Waring blender. The samples were diluted 1:3, 117 inoculated into selective media (Malthus coliform broth (Malthus Instruments) + tryptone 1 g 118 interlaboratory experiments, unpublished data), were 0.5 log 10 E. coli 100 mL -1 for the water 124 Page 5 of 25   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Data analyses 130
According to the high spatial variability of rainfall on the watershed, rainfall data collected 131 at the western part or at the eastern part of the watershed were combined and averaged. Dry 132 weather periods were defined as periods having a cumulative rainfall of less than 15 mm for 133 the previous seven days. Rainfall weather periods corresponded to a cumulative rainfall 134 amount of 15 mm or more for the preceding seven-day period equal to or higher. This 135 threshold was consistent with those proposed by Australian and American authorities for 136 authorizing shellfish to be marketed in estuarine areas (Lipp et al., 2001; Chigbu et al., 2005; 137 Kirby-Smith and White, 2006; Coulliette and Noble, 2008; Ogburn and White, 2009 Forty-nine percent of the water samples and 48% of the oyster samples collected during the 168 sampling period (n = 860) had E. coli counts below the detection limits of the standard 169 methods. These percentages were higher during dry weather periods (72% and 61%, 170 respectively; n = 396) than during rainfall periods (28% and 38%, respectively; n = 464). 171
Only samples with E. coli counts above the detection limits for both water and oysters were 172 kept for the further analyses (n = 239 for rainfall periods and n = 79 for dry weather periods). 173 samples for all the periods (n = 318, rho = 0.089, P = 0.113), but this relationship became 175 significant if the samples collected during rainfall periods (n = 239, rho = 0.150, P = 0.019) or 176 the dry weather periods (n = 79, rho = 0.372, P = 0.001) were considered separately (Fig. 3) . 177
Cumulative rainfall amounts for the seven days prior to sampling correlated negatively 178 with salinity, temperature and E. coli concentrations in oysters, and correlated positively with 179 E. coli concentrations in water (Table 2) . Similar results were obtained if data collected 180 during rainfall and during dry weather periods were compared using Mann-Whitney U tests 181
For water samples collected after rainfall events, suspended matter concentrations were 183 between 2 mg L -1 and 44 mg L -1 in the shellfish farming areas. The amount of suspended 184 matter increased significantly with decreasing salinity (rho = -0.44; P = 0.019; n = 27). 185
During rainfall periods, salinity and temperature were lower at the surface than at the 186 bottom, according to the Wilcoxon signed rank test (n = 43 pairs, P < 0.0001 for both 187 parameters). Conversely, E. coli concentrations in water and in oysters were higher (P = 0.008 188 and P = 0.009, respectively) at the surface than at the bottom. This pattern, which was due to 189 the vertical stratification of the water column after rainfall, was not observed for samples 190 collected in dry weather conditions. 191
192
Escherichia coli accumulation factors between water and oysters 193
Relationships between the accumulation factor and hydrological variables 194 E. coli accumulation factors (AFs) were calculated for water and oyster samples collected 195 simultaneously. AFs covered a wide range of values [0.1 -406] (Fig. 2) for the study period, 196 and had an overall mean value of 30.5 and a median of 9.1. 197 Table 2 ). The AFs calculated for 199 samples collected during rainfall periods were also significantly lower than the AFs calculated 200 for samples collected during dry weather periods, according to the Mann-Whitney U test (P < 201 0.0001) (Fig. 2) . 202 AF did not correlate significantly with lagoon water temperature. However, during rainfall 203 periods, the AF median was 8.9 for temperatures higher than 15°C (n = 23) and was 5.7 for 204 lower temperatures (n = 208). Conversely, during dry periods, the AF median was 22 for 205 temperatures higher than 15°C (n = 33) and 44.1 for lower temperatures (n = 46). 206
The three hydrological variables correlated with each other: rainfall amounts with salinity 207 (n = 312, rho = -0.36, P < 0.0001); rainfall with temperature (n = 310, rho = -0.15, P = 0.009) 208
and temperature with salinity (n = 310, rho = 0.54, P < 0.0001). 209
There was no effect of water depth on AF for the entire period, for dry weather periods or 210 for rainfall periods. 211
Daily variations in salinity and in the E. coli concentrations in water and oysters after 212 rainfall events at stations 1 and 2 213
Results of high-frequency salinity measurements and E. coli counts in water and oysters 214 performed at stations 1 and 2 during the four rainfall events monitored are illustrated in 215 Figure 4 (a-d). After the rainfall events, whether salinity remained stable or decreased 216 significantly (-7 units for periods R3 and R4) (Figs. 4a-d) depended on the amount of rainfall 217 (Table 1) . The E. coli concentrations in the water (C w ) and the oysters (C o ) varied 218 significantly from day to day, and even during the day, especially during periods R3 and R4. 219
Although rainfall amount and E. coli concentrations in water (geomean C w = 120 E. coli 220 100 mL -1 ) were at their highest during period R3, the geometric mean of the E. coli 221 concentrations in oysters was only 390 E. coli 100 g -1 FIL. In contrast, despite the lowest 222 AF values for the rainfall periods R1 (AF = 11.7; n = 16) and to lower values for the rainfall 227 periods R4 (AF = 7; n = 82), R2 (AF = 5.9; n = 50) and R3 (AF = 3.5; n = 78). 228
According to the AF formula, C o can be obtained by multiplying C w by AF. Considering 229 rainfall and dry weather periods, median AF values (respectively 6 and 32) were used to 230 evaluate C o and these were compared to measurements. Due to uncertainty of the standard 231 measurement methods, the actual concentration in oyster is included in a computed interval. 232
C o evaluations were included in these intervals for 89% of the samples collected during 233 rainfall periods and for 94% of the samples collected during dry weather periods. 234
235
Discussion
236
Accumulation factors calculated according to Cabelli and Heffernan (1970) 
for the 237
Crassostrea gigas oysters in our study (median = 9.1, n = 318) were in agreement with the 238 values obtained from several experiments achieved under controlled conditions in 239 laboratories: from 3.8 to 28 for E. coli in oysters (Burkhardt and Calci, 2000; Prieur et al., 240 1990; Shieh et al., 2003) , from 6.5 to 12.5 for E. coli in Mercenaria mercenaria (Cabelli and 241 Heffernan, 1970 ) and 9.8 for E. coli in Mytilus edulis (Plusquellec et al., 1990) . During our 242 study, accumulation factor was shown to correlate with salinity, which is consistent with the 243 observations of Hopkins (1936) and Prieur et al. (1990) , who suggested that filtration 244 efficiency is low when salinity is low, due to the closure of the bivalves. We obtained an 245 insufficient number of values to test whether the accumulation factor related to the amount of 246 suspended matter, but the latter increased significantly with decreasing salinity and occured as 247 (Mane, 1975; 249 Plusquellec et al., 1990; Prieur et al., 1990) . Whereas our dataset didn't allow an effect of 250 temperature on accumulation factor to be clearly detected, Burkhardt et al. (1992) and 251 Campos and Cachola (2007) showed that bacterial accumulation by clams increased with 252 temperature. Other authors have reported that the optimal temperature range for the maximal 253
clearance and microbial accumulation rates of C. gigas (Bernard, 1989; Bougrier et al., 1995) 254 and Ostrea edulis (Solic et al., 1999) oysters is between 12°C and 19°C. 255 Our study suggests that the weather (rainfall or dry weather periods) was one of the main 256 factors influencing E. coli accumulation by C. gigas in the Thau lagoon. Rainfall led to higher 257 E. coli concentrations in lagoon water and was accompanied by decreasing salinity and 258 increasing turbidity. Low salinity and high turbidity lead to reduced clearance rates and to 259 consequently lower E. coli concentrations in oysters. These lower concentrations in oysters, 260 coupled with higher E. coli concentrations in the water lead logically to lower values of 261 accumulation factors. Temperature, season, food availability, reproduction cycles, size and 262 amount of light are known to impact the clearance rates of bivalves, corresponding to food 263 consumption and defined as the volume of water cleared of all 100% efficiently retained 264 particles per unit of time (Mane, 1975; Bougrier et al., 1995; Solic et al., 1999; Campos and 265 Cachola, 2007; Lopez-Joven et al., 2011) . However, our study focused on meteorological and 266 hydrological parameters and didn't address these factors. 267
The differences in the results obtained for the two types of weather conditions implied that 268 shellfish may have been impacted by different fecal sources (Ogburn and White, 2009) . 269
Seabird fecal material is suspected as the main source of E. coli in dry weather conditions 270 (Derolez et al., 2010) whereas wastewaters inputs from the watershed are the main 271 contributors to microbial degradation of water quality after rainfall (Chigbu et al., 2005; 272 (Bernard, 1989; Prieur et al., 277 1990; Kach and Ward, 2008) . 278
In our study, the E. coli concentration in oysters correlated poorly with those in water (Fig.  279 3), which is consistent with other field surveys performed on oysters (Bernard, 1989; Ogburn 280 and White, 2009) or clams (Campos and Cachola, 2007) . On the contrary, some studies of 281 bacterial accumulation by Mytilus galloprovincialis and M. edulis showed good correlations 282 between fecal coliform concentrations in shellfish and in water (Solic et al., 1999; Plusquellec 283 et al., 1990) . In laboratory studies, maximum E. coli concentrations in bivalve are obtained 284 after short delays: 30 minutes for M. edulis or Tapes decussatus (Plusquellec et al., 1990; 285 Martins et al., 2006) and three to four hours for C. gigas or C. virginica (Bernard, 1989; 286 McGhee et al., 2008) . Microbial depuration processes are slower: C. virginica took five to ten 287 days to achieve EU regulatory standards (< 230 E. coli 100 g -1 FIL) from initial 288 concentrations of 1,000 E. coli 100 g -1 FIL (temperature: 24-25°C, salinity: 24-28 units) 289 (McGhee et al., 2008; Love et al., 2010) . These delays, coupled with the high and rapid 290 variability in the hydrology of the Thau lagoon (Fig. 4) , raise doubt as to whether "steady 291 state" conditions, in which E. coli intake and removal are equal, were achieved by oysters 292 monitored in situ (Bernard, 1989; Ogburn and White, 2009 ). Accumulation factor is a ratio 293 between bacterial concentrations (Cabelli and Heffernan, 1970 ) that arise from many complex 294 environmental and ecophysiological processes. Several attempts have been made to adapt 295 ecophysiological models to evaluate E. coli concentrations in shellfish (Fiandrino et al., 2003; 296 Martins et al., 2006) . Such models are calibrated with laboratory experiments and take into 297 F o r P e e r R e v i e w 13 account filtration, retention and depuration processes depending on hydrological variables 298 (salinity, temperature, suspended matter). The application and calibration of such controlled 299 models to data collected in situ is questionable, due to the major and rapid changes that take 300 place in the water surrounding the shellfish, especially after rainfall events. 301
The simultaneous measurements made in the watershed and the lagoon during the 302 OMEGA-Thau Project, of which this study is a part, will enable calibration and validation of 303 hydrodynamic models, coupled with a model simulating E. coli fate in Thau lagoon water 304 (Fiandrino et al., 2003) . These models will allow the simulation of fecal pollution transfer 305 from the watershed to the shellfish harvest areas. As no calibrated ecophysiological model 306 was available to simulate the accumulation of E. coli in oysters in the Thau lagoon, the use of 307 median values of accumulation factors could lead to a sufficiently accurate estimation of E. 308 coli concentrations in oysters from E. coli levels simulated in water, for the purpose of 309 sanitary risk assessment. This approach will allow maximum allowable daily loads of E. coli 310 to be determined, which are similar to the Total Maximum Daily Load (TMDL) program, 311 recommended by US EPA regulation (EPA, 1997), and above which shellfish microbial 312 quality falls below public health safety thresholds (Loubersac et al., 2007) . These E. coli 313 loads will be used as guideline values by local authorities to determine priority interventions 314 concerning the watershed to maintain shellfish quality at or above the current Class B 315 standard, to limit closures of the shellfish harvest and to improve consumer health protection 316 (Pommepuy et al., 2005; Le Saux et al., 2006; Gourmelon et al., 2010) . 317
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